Background-Annuloplasty ring dehiscence is a well described mechanism of mitral valve repair failure. Defining the mechanisms underlying dehiscence may facilitate its prevention.
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The spectrum of corrective devices for mitral valve (MV) regurgitation (MR) is diverse, with heavy emphasis on reconstructive annuloplasty rings and prosthetic valve replacements. One increasingly acknowledged mode of postoperative device failure is dehiscence, in which the sutures anchoring device to mitral annulus pullout from the tissue. Partial or complete dehiscence has been demonstrated with varying devices and patient groups. Various studies of reoperation for failed annuloplasty-based MV repairs have reported the proportion of failures attributable to annular suture dehiscence to fall between 13-42%. [1] [2] [3] Looking specifically at degenerative MR, Dumont et al reported an overall suture dehiscence rate below 1%, [3] while Chitwood et al reported a rate of 2.3% among one center's first 300 robotic repairs. [4] Kronzon et al reported 18 additional dehiscence cases across etiologies, encompassing 8 rings and 10 prosthetic valves. [5] Demonstrating that this risk extends to functional MR repair, a large number of case studies have additionally been reported. [6] [7] [8] [9] [10] While these data collectively highlight the potential for dehiscence even at high-volume centers, its incidence may be greater at low-volume centers. Bolling et al reported that, among 1088 surgeons at 639 hospitals in the Society of Thoracic Surgeons Adult Cardiac Surgery Database, the median number of isolated MV operations per year was 5. [11] Among all surgeons, devices, and patient etiologies, the overall incidence of suture dehiscence remains uncertain.
The consequences of dehiscence may be severe and include acute recurrent MR, endocarditis, device embolization, device migration and excessive patient morbidity. [9, 10, 12] Yet, the factors influencing its occurrence remain unclear. One clue comes from Spratt et al, who measured the total force necessary for complete ring dehiscence ex vivo, and observed increased strength using a flexible ring with a running suture. [13] Still, no data have identified why sutures more commonly dehisce from the posterior aspect of the annulus. [7] [8] [9] 12] Further uncertainty surrounds the contributions of suture technique, device size and shape, hemodynamic conditions, annular microstructure, or combinations thereof. [14] [15] [16] Developing a comprehensive understanding of these potential factors is an important step toward reducing the risk of device dehiscence, establishing optimal preclinical regulatory standards for future MV devices, and advancing implantation procedures.
One systematic approach to evaluating the roles of these mechanistic factors in device dehiscence is to (i)quantify the cyclic suture forces on an implanted device in vivo at varying hemodynamic conditions, (ii)quantify margins of safety for suture dehiscence by comparing measured in vivo forces to corresponding suture holding strengths around the annular circumference, and (iii)relate these margins of safety to the variation in cellular microstructure around the annular circumference. An undersized, flat, rigid ring, which constricts the annulus both in-plane and out-of-plane, provides the most effective case study for cyclic suture forces in vivo. The present study sought to accomplish these objectives through the innovative application of suture force transducers, pullout testing, and histological techniques in healthy ovine animals and explanted hearts.
Material and Methods

Suture Force Transducers and In Vivo Experimental Protocol
To measure tension in individual annuloplasty ring sutures, novel transducers with data acquisition system were previously developed and validated ( Figure 1A ). [17] Transducers are designed to report suture tension as a positive force tracing. Before use in this study, the transducers were calibrated with known forces exceeding those anticipated in vivo, as previously described. Sets of transducers (N=10) were fixed to size 24 Physio rings (Edwards Lifesciences, Irvine, CA). Transducers were fixed to the annuloplasty rings at the left trigone (LT), right trigone (RT), and at evenly spaced locations around the remaining circumference. This amounted to four transducers on the anterior aspect and six on the posterior (1B); effective ring size was 26. Transducer signals were zeroed prior to implantation in the flaccid, cardioplegic heart. To implant the instrumented ring, one mattress suture was passed through and tied to each transducer (i.e. ten total sutures), by the same method used for tying sutures to a ring's suture cuff.
Suture forces were measured in vivo in 5 healthy Dorsett hybrid sheep. Animals received care in compliance with protocols approved by the Institutional Animal Care and Use Committee at the University of Pennsylvania in accordance with the guidelines for humane care (National Institutes of Health Publication 85-23, revised 1996). All in vivo experimental procedures for ring implantation (1C-D) and measurement were performed as we previously described. [17] Ex Vivo Suture Pullout Testing Ovine hearts were acquired from a local market (N=12). These were previously frozen; prior studies have established previously frozen MVs and annuli as suitable structural models for living tissue. [18, 19] MVs (annulus and leaflets only) were excised and mounted to a custom fixture with the atrial face oriented upwards (Figure 2A -C). Ten Y-31 2-0 Ti·Cron sutures were passed through the same ten positions studied in vivo. Placement adhered strictly to published annuloplasty guidelines (1-2mm above hinge line, 10mm bite width, minimum 10° between needle and leaflet hinge). [20] Suture pullouts were conducted using an ElectroForce3200 uniaxial tester (Bose Corporation, Eden Prairie, MN). The fixture was attached to the lower testing arm in line with a 25N load cell (SMT1-22; Interface, Scottsdale, AZ). Each suture was sequentially tied to the upper arm and steadily pulled (2D) until it tore through the tissue or until the upper arm reached its maximum displacement (13mm). The fixture featured a biaxial traverse, enabling each suture to be positioned directly beneath the testing arm and pulled normal to the annulus. In terms of native MV geometry, this pulling is approximately radially inward, i.e. the approximate direction of suture tension following undersized annuloplasty in vivo. Throughout testing, MVs were kept topically hydrated with 0.75% saline spray.
In Vitro Annulus Microstructure Analysis
MV annulus tissue was excised from ovine hearts (N=5), at each of four positions: LT, RT, and the central regions of the anterior (Ant) and posterior (Post) circumference. Tissue samples were paraffinized and sectioned to 30μm. The final 30μm slices were roughly 5x3mm in the apical-basal and radial directions, respectively, such that the endocardial surface ran along one long edge of the sample.
Each sample was imaged under a 10X objective (1.66x1.66μm resolution) by two-photon excitation fluoroscopy using a laser scanning microscope (LSM 710 NLO; Zeiss, Oberkochen, Germany). Using an 800nm excitation wavelength, collagen was detected in one channel at 390-420nm via second harmonic generation from the fibers, [21] while nonspecific extracellular structures were detected in another channel at 485-700nm. To maximize sensitivity and accuracy in assessing relative differences in microstructure, identical microscope acquisition settings (gain and offset) were used for each sample from a given MV. Among the four samples from a given MV, the sample with the strongest signal from either channel was identified. Settings were optimized for this sample, and held constant for the remaining three samples.
Mean pixel intensity (MPI) in each channel was quantified over the sample area using a custom MATLAB code. Before averaging across samples, each MPI was normalized by the Ant MPI from the same valve. That is, for the normalized MPI (nMPI) from valve i, position j:
(1)
Data Analysis
In vivo, the cyclic force (F C ) acting on a suture was defined as the difference between the maximum and minimum force recorded for a given cardiac cycle. All reported F C values are averages from ten consecutive cycles with LVP max of 100, 125, or 150mmHg, as indicated. All data was processed using a custom MATLAB code (MathWorks, Natick, MA). Following ex vivo suture pullouts, Holding Strength (HS) was defined as the peak recorded force. If the testing arm reached maximum displacement before complete pullout occurred, the final (peak) load was used to conservatively approximate tearing force. To estimate suture dehiscence risk, a margin of safety, termed Residual Strength (RS), was computed at each suture position as the difference between mean HS and mean F C at LVP max =150mmHg. This elevated LVP max was chosen as a worst-case. pooled forces and regional microstructural composition) was performed by Student's t-test; critical p-values are as indicated (Minitab16; Minitab Inc., State Collage, PA).
Results
Animal Characteristics
A description of the animal population used, including heart rates during acquisition of the reported forces, is presented in Table 1 . In each case, the animal's mitral annulus was measured as size 30, and was successfully downsized by two full sizes using an instrumented ring with effective size 26. Under anesthesia, the Doppler-derived mean transmitral pressure gradient increased by 3±1mmHg following ring implantation. Representative force recordings from a three second interval are shown in Figure 3 . At each position, real-time forces exhibited strong coupling to LVP and low inter-cycle variability.
In Vivo Suture Force Measurement
For cardiac cycles with LVP max of 100, 125, and 150mmHg, grand mean F C across all positions were 1.9±1.2, 2.2±1.4, and 2.4±1.5N, respectively. Each successive 25mmHg increase in LVP max caused a change in F C of 14±16%. Among all 50 sutures, the absolute minimum and maximum F C at 125mmHg were 0.3 and 6.6N (4 o'clock and 3 o'clock, respectively). Averaged over 5 subjects, the minimum and maximum F C at 125mmHg were 1.0±0.5 and 3.7±1.6N (7 o'clock and RT, respectively).
F C at each position and LVP max is plotted in Figure 4 . ANOVA revealed a series of pairwise differences between positions ( Figure 5A-C) . Notably, all significant differences were observed to exist between either LT or RT and a posterior position. F C was also pooled and analyzed by region. Anterior sutures experienced higher F C than posterior sutures (p<0.01 at each LVP max ). At 125mmHg, the disparity between anterior and posterior mean F C was 1.0N (2.8±1.3 vs. 1.8±1.2N).
Ex Vivo Holding Strength (HS) and Residual Strength (RS)
The suture successfully pulled from the annulus in 93.3% of trials ( Table 1) . Each of the 8 unsuccessful trials were along the anterior aspect. The global mean suture force was 4.9±2.8N. The absolute minimum and maximum HS were 1.3 and 17.6N (8 o'clock and RT, respectively).
Mean HS at each position is given in Figure 6A . The minimum and maximum mean HS were 3.1±1.3 and 7.4±3.7N (7 o'clock and 1 o'clock, respectively). The HS profile roughly mirrors the F C profile. However, whereas the two largest F C magnitudes were located at either trigone, the two largest HS were between the trigones (with RT and LT the third-and fourth-strongest locations). ANOVA revealed a series of pairwise differences between HS ( Figure 5D ). The significant differences (p<0.05) were all between either 1 o'clock or RT and a posterior position. Pooled by region, anterior HS exceeded posterior by 2.5N (6.4±3.6 vs. 3.9±1.6N, p<0.0001).
RS at each position is given in Figure 6B . Mean RS was 2.5N; minimum and maximum RS were 1.1 and 5.4N (LT and 1 o'clock, respectively). Despite the low LT value, the anterior aspect still exhibited greater mean RS than the posterior by 1.4N (3.3±1.8 vs. 1.9±0.3N, p=0.10). Grouped differently, anterior sutures placed between the trigones exhibited mean RS of 4.8±0.9N, versus 1.9±0.5N everywhere else (p<0.001).
Annulus Microstructure Analysis
Annulus tissue microstructure was clearly visible by autofluorescence, without histological staining. A sharply delineated collagenous band was typically located toward the endocardial surface (Figure 7) . The thickness and density of this band varied among samples. nMPI was fixed to a value of 1 for the Ant position. For collagen, nMPI was approximately 2-fold higher at Ant than at any other position.
Excluding Ant, collagen nMPI ranged from 0.44±0.09 (LT) through 0.54±0.13 (RT) (each p<0.05 versus Ant). In contrast, for non-specific structures, nMPI outside of Ant ranged from 1.01±0.25 (LT) to 1.21±0.27 (RT). No significant differences existed among nonspecific structure nMPIs. Collagen density correlated strongly to RS (R 2 =0.947; 7B). Note, to estimate Ant or Post RS, the two closest positions were averaged (11-1 o'clock or 5-7 o'clock, respectively).
Comment
A significant number of implantable repair and replacement prosthetic MV devices are commercially available. Many devices rely on suture-based anchoring to the annulus, and the consequent risk for suture dehiscence is only beginning to be understood. The present study utilized clinically relevant models to explore the in vivo cyclic suture forces, ex vivo suture pullout forces, and regional variation in microstructure within the mitral annulus. The study successfully demonstrated how regional variations in collagen content impact the magnitude of in vivo suture forces and the force necessary to tear sutures from the annular tissue.
Extending from our recent pilot experiments, [17] this study has provided measurements of cyclic suture forces for an implanted MV device. At all positions, suture forces rose in systole, and fell in diastole ( Figure 3 ). Three primary aspects of cardiac contraction likely contribute to these force dynamics. First, the native shape of the annulus is constrained to that of the flat, undersized ring. During systole, aortic root filling causes the central anterior annulus to rise, while ventricular contraction pulls the trigones apically. This accentuation of the annulus' out-of-plane saddle shape is opposed by the annuloplasty ring, with the sutures absorbing the resulting tension. Second, when contracting myocardial fibers shorten along their length during systole, they also expand radially. This thickening will further expand the loops of suture, which are already tied taut around the fibers. Finally, systolic pressure on the leaflets has been shown to pull the annulus radially inward; [22] this tension, which is greatest on the anterior aspect, likely propagates through the tissue to the sutures. As a net effect, F C was observed to trend positively with LVP max , but to vary significantly with suture position. When considered in isolation, the greater observed anterior F C appears to contradict the high proportion of posterior suture dehiscence observed clinically. Yet, ex vivo suture pullout force was also found to vary by position, with significantly higher anterior suture HS. Taken together, the F C and HS data provided a margin of safety at each position which mirrored clinical experience: after peak contractile loading, anterior sutures placed between the trigones exhibited a RS approximately 2.5 fold higher than those placed elsewhere ( Figure 6B ).
Suture breakage and pullout are recognized modes of failure in ISO 5840-3 and FDA guidance for heart valve replacements and annuloplasty rings. [23] [24] [25] Failures by breakage and pullout recognizably extend to other device-annulus anchors (e.g. hooks, clips, pledgets, or coils) that are common design features of minimally invasive or percutaneous MV repair devices. An anchoring mechanism's loading and holding strength dynamics may be impacted by numerous aspects, including but not limited to its size, position in the annulus (height, depth, or circumferential position), and material stiffness. When the potential for breakage or pullout is identified, pullout testing is recommended to determine the strength of annular anchoring. As current devices and anchoring methods vary widely, [26] the justification of in vitro test methods and reference values becomes critical for anchor design verification and risk assessment.
Descriptions of in vitro test methods and reference values for annular anchor pullout testing
are limited in the literature. In a study evaluating the safety of valvular prostheses for magnetic resonance imaging, annular suture pullouts were conducted. Among patients with varying valvular disease, single sutures were shown to tear from the annular tissue at 4.9±3.6N. [27] These forces agree strongly with the single suture pullout forces reported herein (4.9±2.8N). This similarity between differing test setups, species, and tissue properties (diseased vs. healthy) further supports the use of healthy, previously frozen ovine tissue in pullout experiments.
The asymmetry in RS observed herein is likely explained by asymmetry in collagen along the annular circumference. Two-photon excitation autofluorescence revealed significantly denser collagen between the trigones (Ant) as at the LT, RT, or Post. This was tightly correlated to RS (R 2 =0.947); a 50% reduction in collagen from the Ant position was associated with a 3N drop in RS. (Figure 7) . Recent work by Gunning et al showed annular collagen is the principal driver of porcine annular mechanical strength under circumferential loading. [14] Further, they observed higher collagen content on the anterior quadrant of the annulus. However, this colorimetric analysis used an atrial view of the entire quadrant, at relatively low spatial resolution. Thus, the critical zone of transition from high to low collagen density remained to be defined. Our data complement this work, suggesting the average location of this transition zone must be interior from either trigone. These findings provide motivation to consider annular heterogeneity in the development of sutureless devices, as well. Transcatheter MV Replacements (TMVRs), for example, anchor and seal in part through radial expansion against the annulus. We predict the tissue's resistance to conforming to the device will vary in a spatial pattern mirroring that observed in this study; this may significantly influence risk of paravalvular leakage or TMVR migration.
The heightened F C at the trigones may be explained on a biomechanical basis. Both collagen and myocardium are viscoelastic; [28, 29] under contractile loading, suture tension would induce these materials to strain in a time-dependent fashion, counteracting additional gains in tension. In contrast, the cardiac skeleton does not possess such compliance. Sutures placed directly atop the trigones may therefore be expected to reach greater tensions more quickly, as systolic contraction tends to pull them radially inward and apically. Yet, the lower collagen density atop the trigones also adversely affects that region's HS. In this way, the trigonal combination of high rigidity/moderate failure strength presents similar risk to the posterior aspect's low rigidity/low failure strength. In contrast, the high-collagen intertrigonal region (exclusive of the trigones themselves) features high failure strength and only moderate rigidity. It is thus uniquely established as an optimal suture anchoring zone, as evidenced by its superior margin of safety. These findings may explain the more common clinical observation of posterior device dehiscence.
RS in this study was as low as 1.1N, computed from mean HS and mean F C using Physio rings. This equates to a safety factor of only 30%. Given such a low safety factor, in combination with numerous potential sources of variability that may exist clinically, the prevalence of dehiscence is understandable. The complex interaction between patient anatomy and etiology would make predicting the risk for a specific patient inherently uncertain. More extreme undersizing to correct severe dilatation, for example, may exacerbate F C , while collagen degeneration may further reduce HS. Compounding this uncertainty is the interaction of these factors with the shape and material properties of the selected device.
Ultimately, these findings should inform advanced device design as well as surgical decision-making and technique, such that dehiscence risk can be minimized on a patientspecific basis. However, the present study was limited to a single ring design and healthy tissue. Ongoing studies are exploring the influence of ring shape, size, and stiffness on F C , as well as the added risk of suture dehiscence in the setting of heart failure/ischemic MR. [16] The data reported in the present study will provide a baseline for interpreting the impact of left ventricular and/or MV dysfunction on annuloplasty sutures. A few additional limitations in the present study must be noted. Though an ovine model was used, various data suggest comparable annular mechanics between sheep and humans. [30] One key difference which may favor higher F C in humans is degree of systolic annular area reduction, which has been shown to be 10% in sheep vs. 26% in humans. [20, 31] The extension of our findings to human annuloplasty suture forces therefore requires further attention. Also, although suture tie-down force (i.e. pre-tension) is not expected to vary significantly by position, device, or etiology, it has not yet adequately been quantified. Tie-down force may add to suture dehiscence risk and is also the subject of an ongoing study. Finally, use of previously frozen, post-rigor mortis hearts, while expected not to affect collagen quantification, may slightly compromise collagen strength. We expect living tissue to be slightly more durable with respect to suture pullout.
Conclusions
Significantly denser collagen in the region of the anterior mitral annulus between the trigones creates an optimal zone for device anchoring. The posterior annulus, despite imparting low cyclic loads to sutures, is prone to suture dehiscence on account of its low HS.
The trigonal regions themselves are poorer anchors than originally thought, due to the combined effect of high cyclic loading and relatively low collagen content. Further studies evaluating different devices and diseased animal models are underway. Representative coupled in vivo recordings of LVP and annuloplasty suture forces. Each trace corresponds to one mattress suture. The primary contributors to the observed increases in suture tension during systole are (i) constraint of the native annular shape to that of a flat, undersized ring, (ii) radial expansion of contracting myocardial fibers, and (iii) pressure acting on the valve leaflets, which may further pull the annulus and sutures. [22] Note, baseline pre-tension (i.e. the minimum force in each trace) has been zeroed, to highlight the amplitude differences among the ten sutures. This baseline force is nonzero and positive, and is a subject of ongoing investigation. ANOVA plots, reporting 95% Credible Intervals for the influence of each suture position on (A-C) Cyclic Forces or (D) Holding Strength. Positive or negative contribution to suture force at a given position indicates that position experienced force that was either greater or less than the grand mean force, respectively. Position pairs whose whiskers do not overlap are significantly different (p<0.05).
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